It has long been known that the early optic vesicle and cup are much concerned with the growth and differentiation of the lens in the vertebrate eye. Le Cron"2 first demonstrated this fact when he isolated the lens-forming cells in Amblystoma embryos at various early stages in development by merely removing the underlying optic anlage. His experiments showed that the longer the lens epithelium was associated with the optic vesicle or cup the better was the final development of the lens. Therefore, as the developing lens presses deeper into the early forming optic cup, it is clear that the relationship is more significant than mere contact between the two tissues. The effects of the lens-eye association can be demonstrated even later in development, as shown by Harrison"' and one of the authors"8 in experimental studies on lens and eye size.
It has long been known that the early optic vesicle and cup are much concerned with the growth and differentiation of the lens in the vertebrate eye. Le Cron"2 first demonstrated this fact when he isolated the lens-forming cells in Amblystoma embryos at various early stages in development by merely removing the underlying optic anlage. His experiments showed that the longer the lens epithelium was associated with the optic vesicle or cup the better was the final development of the lens. Therefore, as the developing lens presses deeper into the early forming optic cup, it is clear that the relationship is more significant than mere contact between the two tissues. The effects of the lens-eye association can be demonstrated even later in development, as shown by Harrison"' and one of the authors"8 in experimental studies on lens and eye size.
The close association by contact between the lens and eye-forming cells, however, starts very early. That this contact is very important was first shown by Lewis'4 '5 and later by Spemann, '7 Mangold, '" and others. In some forms of amphibians they showed that the optic vesicle induces the overlying ectoderm, in some unexplainable way, to form a lens, even if the ectoderm was transplanted from some place on the body wall. Strong evidence has been accumulating that the time at which this induction first begins to take place, and the period over which it extends, varies in the different species. If an experiment on an early stage in eye development fails to reveal the existence of induction capacity of the eye at that time, it has often been found that the period has not yet been reached or that it has passed. A further search then usually reveals the moment at which induction takes place. Spemann17 and Mangold'" have published good summaries of these findings for those who wish to review that literature. Now the interesting fact in the whole story of eye development is, that the origin of the lens can be shown to be merely a secondary event in a chain of induction phenomena, for the optic vesicle is dependent upon the presence of another tissue for bringing it into existence. Under the anterior end of the neural plate, from which the optic vesicles later arise, lies a prechordal substrate (entomesoderm, roof of archenteron, Fig. 7 ) which plays a predominant role in the location of the eyes. This has been shown chiefly by Mangold, 16 Adelmann,1' 3 4 5 Lehmann,13 and Alderman.6 Interference with this substrate produces various and extensive defects in eye formation. The status of our present knowledge on this subject has been thoroughly reviewed recently by Adelmann.4 Two methods can be used to interfere with the development of the prechordal substrate, one by chemical means and the other by embryonic surgery. These methods, later described, were used in the present experiments in order to correlate the degree and order of defects in the eye with those found in the lens. The conditions, particularly those found in cydopian monsters, will make more clear and emphasize the factors controlling the origin of the lens.
In this species (A. punatatum) Harrison"0 demonstrated that lens development was suppressed if the eye rudiment was excised just before or immediately after the closure of the neural folds, but that the same presumptive lens ectoderm would form lens tissue if grafted to other regions on the head. This indicated that the lens was established very early even though a prolonged association with the eye insured better development.12 He also showed that at this time the body and head ectoderm was not transformed into lens if grafted over these eye centers. In experiments on stages after the closure of the neural folds Beckwith7 and Stone and Dinnean20 also showed that the optic vesicle failed to induce a lens in the grafted ectoderm at that age in development.
Spemann,"7 in comparing experimental results on various forms of amphibians, called attention to the unusually early existence of lens-forming cells in Amblystoma before the actual formation of an early optic veside. Since the latter failed to induce lens in grafted ectoderm, it was a question whether the induction had already taken place before the closure of the neural folds or whether the lens arose so early because it was an independent system which could arise without the assistance of the eye-forming center. If the latter were true, this species would then be an exception to others so far studied. That Amblystoma is not an exception, but falls in line with those that have demonstrated the origin of the lens through induction by the eye-forming center, is proven in the description of experiments which follow in this paper.
Lens induction in body ectoderm
This group of experiments on Amnblystoma punatatum embryos tests the ability of the early eye-forming center to induce lens forma-
FiGs. 1, 2, and 3. Showing the donor area ( Fig. 1 ) from which young presumptive body ectoderm was taken, the denuded area fromn which the presumptive lens-forming ectoderm was removed to make place for the graft (Fig. 2) , and the eye area later covered by the transplant (Fig. 3 (Fig. 3) . Specimens were discarded in all cases where the eye region was not completely covered by the blue ectoderm, thus eliminating any possibility of lens tissue being derived from incompletely removed lens ectoderm of the host. The animals were observed frequently in the living condition and preserved for from S to 10 days after operation, at a time when the eye and lens are normally well defined (Fig. 15 ). Many embryos died before the termination of the experiment. However, there was ample material for the test in the 10 cases which were available for microscopic studies in serial sections.
In 2 cases the presumptive lens ectoderm at the neural plate stage (illustrated in figure 15 ) was replaced by presumptive body ectoderm from donors between stages 12 and 13, slightly older than that illustrated in figure 1. They were killed 10 days after operation when the gill filaments were beginning to appear (stages 36 to 37). Figure 3 is a drawing of one of the cases early in development and shows clearly that the eye region was completely covered by the blue ectoderm.
It has been shown by one of the authors"9 in other experiments that the vital dye, Nile-blue sulphate, can be permanently fixed in the grafted tissue and observed in the serial sections when cleared in xylol. If an examination is made before the sections are stained with hematoxylin and erythrosin, the granules of the dye stand out sharply. In each of these specimens an examination revealed that the lens in the operated eye was filled with the dye granules. This proved conclusively that the lens was derived from the grafted body ectoderm and that it was produced by induction of the eye-forming center lying under it. The appearance of the induced lens in one case is shown in figure 14 , indicated by the arrow. Comparing it with the normal lens in the left eye of this specimen, it is obvious that the experimentally produced lens is slightly younger in development. This might be expected, since it is possible that by the nature of the experiment the 2 lenses were induced at different periods. The fact that the grafted ectoderm is younger than that of the host may also be a contributing element.
By the same method of determination, in another case the induc-tion of a lens was demonstrated in a specimen sacrificed 8 days after operation. It was about the age of the one shown in figure 14 . At the time of operation the host was at stage 16, slightly older than in the case just described above. In this specimen the induced lens was still attached to the blue surface ectoderm from which it was derived, while the lens in the normal control eye was isolated and as well defined as in the normal eye shown in figure 14 . In 2 cases the grafts replaced presumptive lens ectoderm over the right eye at stage 20, a time when the neural folds in the head region have come together. In one of these specimens the host was killed 5 days after operation (stage 35) when the lens placode of the normal eye appeared as an epithelial plug extending into the cavity of the optic cup. On the operated side, opposite the optic cup, the inner surface of the transplanted ectoderm was only slightly thickened. It is possible that this thickening is an indication of a feeble lens induction. In the other case, killed 6 days after operation where the host was slightly older (stage 36), the normal control lens is in a stage of development comparable to the lenses shown in figure 15 . Figure 16 shows on the operated side a small spherical body (indicated by arrow) attached to the transplanted ectoderm opposite the optic cup. This is also interpreted as the result of a feeble attempt to induce a lens in the grafted ectoderm.
Shortly after the closure of the neural folds (Fig. 4) , the optic vesicles become prominent swellings on the side of the brain and are in close contact with the surface ectoderm that later forms a lens. In other experiments7' 1, 20 on Amblystoma embryos at this stage, it has been shown that foreign ectoderm grafted over the optic vesicle fails to form a lens. In those experiments, however, the ectoderm of the graft was about the same age as that of the host. It was, therefore, not known whether younger and supposedly more plastic ectoderm would respond if the optic vesicle still possessed the power of lens induction. In 4 cases in the present experiments, grafts were placed over the optic vesicles at this stage in development (stage 21). The presumptive body ectoderm of the transplant in these cases was much younger than that of the hosts, for it came from Nile-blue-stained donors of stage 11 ( Fig. 1) when the embryo has the appearance of an egg except for the presence of the volk plug. These specimens were preserved around stages 36 to 37, 5 to 8 days after operation when the normal lens is well defined as in figure 14 . Unfortunately, in 2 cases the sections were not available for study due to an accident in their preparation. However, the other 2 cases, which were good tests of the experiment, showed dearly in the microscopic studies that there was a failure of lens induction. After the closure of the neural folds in this species it seems probable that the optic veside has passed the stage when it transfers lens-forming capacity to other cells. Failure of lens formation was also obtained in the ectoderm of a stage 12 placed over the optic veside of a host in the early tail-bud stage (stage 25). The dye was unusually well preserved in the serial sections of this graft. However, there was not the slightest indication of lens formation.
Lens formation in cyclopia
To study further the relationship of the eye-forming center and lens development in the head ectoderm of Amblystoim pfumtatum, a survey was made of conditions found in experimentally produced cyclopian monsters. The material was obtained through 2 groups of experiments. In one series (LiCI), over 100 embryos were selected from several clutches of eggs at the beginning of the invagination of the blastopore (Harrison stages 9 to 10, earlier than that shown in figure 1). They were placed in a 0.4 per cent aqueous solution of lithium chloride to bring about defects in eye development as in experiments reported by Adelmann3 and by Stone and Dinnean" on embryos of the same species. The embryos remained in the solution for 24 hours at room temperature (about 700 F.) and were then placed in fresh tap water which was changed daily while the embryos were developing.
In the other group of experiments (Pre. Mes.), an entirely different technic was employed. It is known chiefly through the experiments of Mangold"6 and Adelmann'1 ', 4, 5that under the open neural plate the anterior extension of the mesoderm, known as the prechordal mesoderm or substrate, is much concerned with the organization of the optic centers that arise in the future brain wall.
Interference with the development of this substrate causes a variety of defects in eye development. Figure 7 shows a schematic section to give the relationship of this prechordal mesoderm, lying between the overlying thick neural plate (lightly stippled) and the entodermal roof (heavily stippled) of the archenteron or gut cavity.
Adelmann2 has studied this region in great detail in Amblystoma.. Following the technic used by Adelmann and Mangold, an incision was made along the anterior border of the neural plate (Fig. 5) so that the cut edge of the latter could be lifted dorsally (Fig. 6) to expose the prechordal substrate. The prechordal mesoderm was then excised by the cutting instrument (needle-pointed iridectomy PRECNOADAL MESODERM STAGE 15 PRECHORDAL SUBSTRATE of the primitive gut. neural plate was replaced and while it healed it was held in position by means of small glass rods. The entire operation was performed under the compound dissecting microscope under sterile technic. In 4 instances, underlying tissue extending more laterally was excised. This produced excessive abnormalities in the head region and was therefore not followed in the other experiments of this series.
Since both types of experiment were devised to study the relationship of the eye and lens in development, the observations were largely confined to malformations in these structures. Generally, we found the variety of abnormalities recorded by Adelmann in his experiments. In the lithium chloride experiments, some animals showed no external malformations. When defects occurred, they were largely confined to the head region of the embryo. In many cases the lower jaws were defective or even missing. In some the mouths either failed to develop or to open. The external gills were often reduced in development and in many instances the-skeletal system on which they were attached was much distorted. Fre-quently the finger-like balancers, normally one on either side of the mouth, were reduplicated; 2 animals having as many as 6 (Fig. 9) . In some cases there were double hearts. Malformations were more extensive in embryos from which the prechordal substrate had been removed. In many specimens the wound failed to heal and these died before head structures had developed. Wounds found on the body and head in later development caused the death of many animals.
From the two groups of experiments there were a total of 40 specimens available for microscopic examination. Twenty-one cases were those from which the prechordal mesoderm was removed. They were preserved for from S to 13 days after operation at periods in development (stages 34 to 44) sufficiently advanced to examine eye and lens conditions. From the lithium chloride experiments, 19 cases were selected which showed various degrees in the approach and fusion of the eyes in the midline. Among these, various degrees in the fusion of the nasal placodes were also seen (Figs. 8 and 9 ). The specimens were preserved for from 10 to 13 days after operation ranging in development between stages 39 and 42, at a time when gills and forelimb buds are prominent and some swimming activity takes place.
There were I I specimens (3 LiCI and 8 Pre. Mes.) in which the paired eyes were approaching the mid-ventral line without fusion. Each eye possessed a lens and in appearance was quite similar to that of the normal. In 12 cases (4 LiCI and 8 Pre. Mes.), the 2 eyes were partially fused, each possessing an isolated lens (Figs. 8 and 10 ). The median edges of the optic cups were fused in the midline (Fig. 10 ) and the optic cups were connected to the ventral surface of the brain by means of the tapetal (pigment) layer. The eye centers have independently induced lens formation in the head ectoderm with which the optic vesicles had previously come in contact.
An interesting effect of a closer union of the 2 optic cups was seen in S cases of the lithium chloride experiments. This is illustrated in figure 1 1, where the 2 eye centers were so closely fused in the early stage of development that the capsules of the 2 lenses became united although there were still 2 fiber-forming poles. A still more complete fusion, in an attempt to form a large single eye and lens, is shown in one lithium chloride specimen (Fig. 12) .
Although there are not 2 distinct fiber-forming poles in this case, the elongated flattened lens structure within the single capsule indicates that there was fusion of 2 lens-forming centers.
Each of 3 specimens which had been exposed for 24 hours to the lithium chloride solution developed a single large median eye (cyclopia completa) as illustrated in figure 13 . It is obvious that only one eye-forming center existed which was potent enough to produce an abnormally large eye. A study of the serial sections showed that the lens is a large single unit. This series of cases (Figs. 6 to 13) therefore demonstrates that the lens is dependent upon an eye-forming center for its origin, and that the structural features of these lens bodies can be taken as indications of the number and positions of the eye centers.
All of the cases so far discussed show that the center of eye development from the brain wall was strongly established. If the optic cup lay near the surface ectoderm, it was accompanied by a lens. The question, whether or not a weakly established eye center is indicated by the structural appearance of the lens, seems to be answered by the fact that if the optic cup was small, the lens also registered a similar defect in size. The question now arises whether or not a weakly established eye center can even fail to receive or exert the power for lens induction. There are cases in these experiments which give an answer to this inquiry. The conditions found in them will be briefly described.
In one case (LiCl 18), there was a centrally placed, well-formed optic cup with a lens. Anterior to it was a round mass of eye tissue not associated with a lens which represents an aborted attempt to form an eye. In another specimen (LiCI 3) no optic cup was formed on either side. However, 2 small stumps of tissue with the appearance of optic stalks were connected with the brain on either side of the mid-ventral line. Capping them are pigment cells similar to those which form a tapetal layer of an optic cup. The masses lie near the surface ectoderm but there has been no attempt to form a lens or lens placode. A similar condition was found in another specimen. In this case, however, there was only one mass of eye tissue (Fig. 17) attached to the brain in the mid-ventral line. It appears, then, that a definite eye center can be established which is not only limited in its development but which has lost its capacity to induce a lens to form in the surface head ectoderm. When the eye centers are completely submerged, the lenses are also missing. This was shown in 2 specimens (Pre. Mes.) lacking right eyes and in 3 cases with no eyes on either side.
Conclusions
It is quite evident from these experiments that the lens in Amblystoma does arise in the surface ectoderm by induction of the eye-forming center (Fig. 14) as in other forms of amphibia. However, the induction period is strong before the closure of the neural folds and apparently weakens and disappears thereafter. It would appear, also, that the induction period is relatively short and might easily be overlooked in a form where the induction of the lens takes place as early as in this species.
The defects produced in the eye by interfering with the organization of the prechordal substrate emphasize again the control which this portion of head mesoderm has in establishing the eye-forming centers. The relation of strongly developed eye-forming centers to each other, as expressed in different degrees of fusion (Figs. 8 to 13), shows clearly that the conditions in the lens are always subservient to those in the eye. As a matter of fact the illustrations of other authors,3' 5 8, 9 although they did not deal especially with the lens problem, show the same eye-lens relationship in a variety of cyclopian conditions. With the data now available the conclusion is obvious; the origin of the lens in this as well as in other species of amphibians depends upon an eye center being established in the wall of the brain. If the eye center is established firmly enough to attain later a certain degree in development, it is possible that this center will possess defi--nite cells which at some time in development give off the agent that activates the surface ectoderm into lens formation.
When the eye-forming center was completely submerged, the lens was also always absent. The lens was also absent even when an eye-forming center was established (Fig. 11) . However, these were cases where the eye was capable of developing only a pigment layer or an optic stalk. If the capacity for inducing lens formation ever did exist in these cases, it may have been too weakly established to exert itself or it may have existed for too, brief a period. FiGs. 10 to 13. Phsotomnicrographs of sections thiroughi eyes (LiCl) in different degrees of fusion in the midventral line. Fig. 10 shiowinig 2 eye (enters exei-ting indeopend(enit action in lens induction, X 75. Fig. 11 shiowing thle result of -2 eye center-s so closely fused that the leiis bodies (fiber-forming poles) whiichi they induced are witliin a, commion capsule, XI100. Fig. 12 shiowing a greater (legr-ee in the ftission of eye-forming centers and the effect of their concerted action in lens formation, X 100. Fig. 13 showing in cyclcspia completa one strong, eye-form-ing center which induced a large single lens, XI100. 
